A site-specific restriction endonuclease Fnu4H I isolated from Fusobacterium nucleatum 4H recognizes the DNA nucleotide sequence ci_ G C + N G n-3
INTRODUCTION
Restriction enzymes are endodeoxyribonucleases that recognize specific nucleotide sequences in double-stranded DNA and cleaves both strands of the DNA. The availability of various site-specific endonucleases therefore provides a powerful tool for the analysis of DNA structure and function (1) . Recently, restriction enzymes with a variety of sequence specificities have been obtained from different strains of Fusobacterium nucleatum (2) . This species therefore provides a good source to screen for restriction enzymes of new specificity. This paper reports the purification and characterization of a novel site-specific restriction enzyme, designated as Fnu4H I, from another strain of this bacterium.
MATERIAL AND METHODS Isolation of Fnu4H I
Fusobacterium nucleatum 4H was isolated from the human oral cavity by standard techniques. Cells were grown as described previously (2) . The procedure and assay conditions used for the purification of restriction enzymes from other strains of F. nucleatum cells (2) were used in this preparation. Fnu4H I was concentrated by dialysis against PC buffer (2) in 50% glycerol prior to storage at -20°. Mapping of Fnu4H I cleavage sites in 0X174 RF DNA Two of the Fnu4H I sites were mapped by comparison of the restriction fragments obtained by double digestion of 0X174 RF am3 DNA (prepared by A.C.P. Lui) with Fnu4H I and Pst 1 (prepared by methods described by Roberts et al. (3) ) and with Fnu4H I and Xho I (New England Biolab) and by digestion with Fnu4H I alone. For each digestion, 3 vg of 0X174 RF DNA were incubated with 4 units of the specified enzyme(s) at 37° for 4 hours in a volume of 25 vl of buffer B (2). DNA fragments were resolved in adjacent lanes on a 170 x 400 x 1.5 mm 7.5% acrylamide gel slab in TBE buffer (4) . Electrophoresis was carried out at 25 mA until the bromophenol blue dye moved 3/4 of the way down the gel. The gel was stained with ethidium bromide (1 yg/ml in water) for 20 min before photographing under UV light. The size of the individual Fnu4H I fragments was estimated by comparing the mobility of 0X174 RF DNA fragments of known chain length generated by digestion with FnuD I, II and III (2) . Possible Fnu4H I recognition sequences were deduced on the basis of common sequences found on both of the two mapped sites. Computer analysis (5) was then used to see whether cleaving of 0X174 RF DNA at sites with the proposed sequence would generate the same fragmentation pattern as that observed of polyacrylamide gel. Location of cuts in Fnu4H I recognition site
The method used to define the cleavage site of Fnu4H I was based on that described by Brown and Smith (6) , except that the dideoxynucleotidetriphosphate (ddNTP) DNA sequencing method (7) was used instead of the plus and minus gel sequencing procedure (8) . The viral strand of 0X174 am3 DNA (1 pg) (prepared by A. Lui), GTATCCTACAAA (30 ng) (prepared by S. Gillam (9)), and 100 pmole of [a-32 P] ATP (New England Nuclear, 0.15 pCi/ pmole) were mixed in a total volume of 10 pi in H buffer (10) . Four 2 pi aliquots were used for each incubation with 2 pi of the appropriate ddNTP (P.L. Biochemicals) mix (7), 0.2 unit of DNA polymerase (Klenow, Boehringer) in a total volume of 8 pi in H buffer for 15 min at room temp., 0.5 yl of "cold chase mix", which contains all four dNTPs at 1 mM each, was then added and incubation was continued for another 15 min.
The remaining 2 yl aliquot was used for incubation with 1 yl 0.5 mM dCTP, 1 yl 0.5 mM dTTP, 1 yl 0.5 mM dGTP, 0.2 unit of DNA polymerase in a total volume of 8 yl in H buffer for 1 min at 5°. 2 yl of the cold chase mix were then added and incubation was continued for another 10 min at room temp. The reaction mixture was then divided into two equal portions I and II. Sample I was mixed vigorously with 5 yl of watersaturated phenol and the phenol was then removed by repetitive ether extraction for five times. The residual ether was removed by gently blowing air over the sample. Sample I was then treated with 1 unit of Fnu4H I; sample II, with 1 unit of Fnu4H I and 0.02 unit of T4 DNA polymerase (prepared by C.R. Astell) for 3 0 min at 37°.
The reactions in each of the above six aliquots were stopped by adding 20 yl of 90% formamide, 2.5 mM EDTA, 0.02% bromophenol blue, 0.02% xylene cyanol. The samples were then placed in a boiling water bath for 3 min, quickly chilled in ice water before loading onto a 200 x 400 x 1.5 mm 12% acrylamide gel slab in TBE buffer containing 7 M urea. Electrophoresis was carried out at 25 watts until the xylene cyanol dye moved 2/3 of the way down the gel. The gel was then fixed in 10% acetic acid for 15 min, rinsed briefly with water and blotted dry, covered with Saran wrap, and was then autoradiographed using Kodak NS-54T film.
RESULTS AND DISCUSSIONS
Isolation and purification of Fnu4H I Assaying of restriction endonucleases activity by incubating the F. nucleatum 4H extract eluted from a Biogel A 0.5 m column with A DNA shows that Fnu4H I cleaves DNA into many small discrete fragments. Further purification of Fnu4H I by ionexchange column chromatography shows that a single peak of endonuclease activity is eluted at 0.2 to 0.3 M KC1 from a phosphocellulose column (Fig. 1) and at 0.1 M KC1 from a DEAESephacel column (Fig. 2) . Concentration of the eluent by Assays on each fraction (2 yl aliquots) were carried out on 0.5 yg of lambda DNA at 37° for 1 hr prior to electrophoresis on a 1.4% agarose gel (see preceding paper for details of column and assay conditions). Fractions 18 to 36 were combined for further purification.
dialysis against 5 0% glycerol in PC buffer (2) does not lead to loss in Fnu4H I activity, as is the case with some of the FnuD enzymes previously reported (2). 9 gm of Fnu4H cells yield about 15,000 units of purified enzyme. The purified Fnu4H I is free of non-specific nuclease, as 1.4% agarose gel electrophoretic analysis shows no change in the band pattern of restriction fragments after incubating 1 yg of X DNA with 10 units of Fnu4H I at 37° for 1 hour. Determination of the recognition site of Fnu4H I 7.5% acrylamide gel electrophoretic analysis shows that digestion of 0X174 am3 RF DNA with Fnu4H I gives a unique cleavage pattern made up of at least of 25 fragments (Fig. 3,  Track 3 ). Comparing the mobilities of standards of 0X174 RF DNA digested with FnuD I, II and III (Fig. 3, Tracks 1, 6 and 2) allows one to estimate the size of the individual Fnu4H I restriction fragments of 0X174 RF DNA. We have not attempted to determine the complete 0X174 RF DNA restriction map for Fnu4H I because of the large number of products (Fig. 3 One would also expect to find a new fragment corresponding to 160 (230 minus 70) base pairs long. The slight increase in the intensity of the multiple band corresponding to 160 base pairs long in track 5 relative to that to tracks 3 and 4 indicates the presence of this additional fragment. Accordingly, there must be a Fnu4H I recognition site about 160 base pairs to one side of the Pst I site and another about 70 base pairs to the other side of the Pst I site. Xho I (12) which cleaves 0X174 DNA at a single site located at 165 bases on the 3'-side of the Pst I site on the viral strand of 0X17 4 DNA, does not change the Fnu4H I fragments pattern in a double digestion with Fnu4H I and Xho I. This indicates that the Xho I site Figure 3 . Electrophoresis on a 7.5% aerylamide gel of digests of 0X174 am3 RF DNA using 1, FnuD I (GGCC); 2, FnuD III (GCGC); 3, Fnu4H I; 4, Fnu4H I and Xho I; 5, Fnu4H I and P_st I; 6, FnuD II (CGCG). The known sizes of FnuD I, II and III fragments (see preceding paper) were used to determine the sizes of the Fnu4H I fragments.
is within 10 bases of a Fnu4H I site. The combining results of the above two double digestion patterns therefore establish that there is a Fnu4H I site at 160 bases on the 3 1 side of the Pst I site and another at 7 0 bases on the 5' side of the Pst I site. Inspection of the 0X174 DNA nucleotide sequence (13) around these two Fnu4H I sites indicates that the sequence GCNGC is a common feature of these two sites. A computer analysis (5) of possible 0X174 DNA fragments generated by a restriction enzyme that recognizes the sequence GCNGC matches the observed Fnu4H I fragments (Fig. 3, Track 3) . The recognition sequence of Fnu4H I, therefore, is GCNGC. Location of cleavages at the Fnu4H I recognition sequence The method of Brown and Smith (6,11) was used. This aligns 32 P-labelled fragments corresponding to the cleavage in each strand of DNA at a recognition sequence, alongside a gel sequence pattern for the region of DNA containing the site. In the experiment shown here (Eig. 4), the sequence pattern was generated using the terminator enzymatic method (7) using 0X174 am3 viral DNA as template and, as primer, a synthetic oligodeoxyribonucleotide, pGTATCCTACAAA (9) which is complementary to nucleotides 582 to 593 of the DNA (13) . This allows characterization of the Fnu4H I cleavages for the site at nucleotides 547-551 (13). The experiment (Fig. 4) shows part I II Figure 4 . Autoradiogram of the gel electrophoresis pattern for the determination of sequences cleaved by Fnu4H I using pGTATCCTACAAA as primer and the viral strand of 0X174 DNA as template. The tracks C, T, A and G represent primed synthesis in the presence of ddCTP, ddTTP, ddATP and ddGTP respectively. Tracks I and II represent primed synthesis followed by Fnu4H I digestion without (Track I) or with (Track II) T4 DNA polymerase.
The numbers refer to nucleotides complementary to the viral strand and their distance from the Pst I site (11) . of the DNA nucleotide sequence to be 5'-GCCTCAACGCAGCGANGAG-CAYGAGAG-3'. The sequence matches the 0X174 DNA sequence (13) in this region. The position of the radioactive band in Track I, generated from cleavage with Fnu4H I after inactivation of DNA polymerase by phenol extraction, shows that Fnu4H I cleaves in the sequenced strand at 5'-G C + A G C-3 1 cleaves as indicated by the arrows to give a mononucleotide 5'-terminal extension. This nucleotide is not a specific one, and hence the fragments cannot be ligated in a random manner.
Other enzymes with this type of recognition sequence (1), e.g. Hinfl (GANTC) and Asul (GGNCC) cleave between the first two nucleotides yielding a trinucleotide 5'-terminal extension.
